oxide scavenging, and thus mitigation of the biological effects of superoxide. Also, superoxide can trap and hence modulate the effects of nitric oxide; superoxide dismutase, by controlling superoxide levels, therefore can influence the reaction pathways open to nitric oxide. The production of peroxynitrite, however, causes its own sequelae of events: Although neither 'NO nor superoxide is a strong oxidant, peroxynitrite is a potent and versatile oxidant that can attack a wide range of biological targets. The peroxynitrite anion is relatively stable, but its acid, peroxynitrous acid (HOONO), rearranges to form nitrate with a half-life of -1 s at pH 7,
37°C. HOONO exists as a Boltzmann distribution of rotamers; at 637°C
HOONO has an apparent acidity constant, p.KaaPP, of 6.8. Oxidation reactions of HOONO can involve two-electron processes (such as an SN2 displacement) or a one-electron transfer (ET) reaction in which the substrate is oxidized by one electron and peroxynitrite is reduced. These oxidation reactions could involve one of two mechanisms. The first mechanism is homolysis of HOONO to give HO' and 'NOg, which initially are held together in a solvent cage. This caged pair of radicals (the "geminate" pair) can either diffuse apart, giving free radicals that can perform oxidations, or react together either to form nitrate or to reform HOONO (a process called cage return). A large amount of cage return can explain the small entropy of activation (Arrhenius A-factor) observed for the decomposition of HOONO. A cage mechanism also can explain the residual yield of nitrate that appears to be formed even in the presence of high concentrations of all of the scavengers studied to date, since scavengers capture only free HO' and 'NOB and not caged radicals. If the cage mechanism is correct, the rate of disappearance of peroxynitrite be slower in solvents of higher viscosity, and we do not find this to be the case. The second mechanism is that an activated isomer of peroxynitrous acid, HOONO*, can be formed in a steady state. The HOONO* mechanism can explain the inability of hydroxyl radical scavengers to completely block either nitrate formation or the oxidation of substrates such as methionine, since HOONO* would be less reactive, and therefore more selective, than the hydroxyl radical itself. Thus scavengers, which would capture all of the hydroxyl radicals, capture only a portion of HOONO*.
The critical experiments necessary to distinguish the cage from the HOONO* mechanism are discussed; of the two mechanisms, at present we prefer the HOONO* mechanism. methionine; peroxynitrite; electron transfer; ethylene; 2-keto-4-thiobutanoic acid; acidity constant; free radical; superoxide; endothelium-derived relaxation factor; hydroxyl radical; ascorbic acid FOUR OR FIVE DECADES AGO, free radicals were believed to limited to pathological situations in which high concenbe so reactive and unselective that they could not be trations of radicals were produced from exposure to involved in normal biochemical processes. In that era, exogenous agents, such as high-energy irradiation or publications on free radical biology were almost always toxins like carbon tetrachloride. In fact, before the L700 The formation of peroxynitrite in vivo is reasonable: superoxide and 'NO react with each other to give peroxynitrite with a rate constan .t near the diffu .sioncontrolled limit (53); peroxynitrite is in equilibrium with peroxynitrous acid (see reactions 1 and 2). In fact, as shown in Table 1 , superoxide and 'NO react together with a rate constant that is as large or larger than those for the reactions of superoxide with SOD or of 'NO with heme compounds (93, 156). Both 'NO and superoxide only exist at low concentrations when averaged over the entire volume of a particular tissue, but at loci near cells that produce both superoxide and nitric oxide the concentrations of the two should be significant and the formation of peroxynitrite appears likely 
Because superoxide and nitric oxide can react together to produce peroxynitrite, each can modulate the l In this article, the term peroxynitrite is used to refer to the sum of - 0ONO and its conjugate acid HOONO, i.e., the stoichiometric concentration of peroxynitrite. When a discussion is specifically limited to either the anion or the free acid, either its name or its structure will be given. effects of the other. This also may imply that the rate of production of either nitric oxide or superoxide, and the ratio of their concentrations, may be important in systems in which both radicals are produced.
A number of lines of evidence indicate that peroxynitrite is formed in vivo from the combination of nitric oxide and superoxide (3, 26, 58, 59, 89, 104, 166, 168). Similarly, 'NO can capture superoxide and divert its effects, even to the extent of acting as an antioxidant (138, 140). A number of systems are now known in which the presence of nitric oxide can alter, or even protect against, the effects of superoxide and superoxidederived reactive oxygen species (10, 50, 83, 138, 166) .
Cigarette smoke contains very high concentrations of nitric oxide. In fresh smoke, 'NO can be as high as 500 ppm (29) . As smoke ages, the nitric oxide is oxidized to nitrogen dioxide (29). Cigarette smoke also can initiate lipid peroxidation, producing lipid peroxyl radicals. In smoke systems, the lipid peroxyl radicals can react with either nitric oxide or nitrogen dioxide, thus inhibiting lipid peroxidation; these reactions produce either nitrite esters or peroxynitrate esters (123). superoxide; near these cells, the likelihood of these two radicals combining to form peroxynitrite is high (151). As suggested in Fig. lC , both nitric oxide and superoxide cause biological effects; there also are well-documented systems in which either radical alone can cause pathological changes (140). As Fig. 1 shows, peroxynitrite probably plays a role in normal cellular processes, although this activity has not been fully identified (140); however, it is likely that peroxynitrite usually causes the oxidation of a variety of types of biomolecules with pathological consequences (42,75). Some of the readers of this article will be fussy peroxynitrite freaks who find fun in complex kinetic conundrums. Those readers may choose to skip this section. However, other readers will be interested in nitric oxide and, only inter alia, in its sometime companion, peroxynitrite. This section is meant as a guide for the latter readers, giving them a view of the whole animal but without the detailed dissection and consequent bloodletting. Readers with only a passing interest in peroxynitrite may find that, having read to the bottom of this section and looked at all the pictures, a stealthy skip to SUMMARY AND CONCLUSIONS can be licensed. (In most cases, however, references are not cited in this section; the reader must consult the sections that follow for literature citations.)
If we grant that peroxynitrite plays a critical role in biology and that it is an oxidant, then we must ask: How does peroxynitrite oxidize biomolecules? Within the answer to this question will lie our ability to understand the reactions of peroxynitrite, and possibly superoxide and nitric oxide as well.
Furthermore, it is likely that the reaction of NO with superoxide to form peroxynitrite plays a vital role in the regulation of both nitric oxide and superoxide concentrations, and thus the biological effects of both. This makes peroxynitrite a player in the center ring of a host of vital physiological functions.
The peroxynitrite anion is relatively unreactive; its conjugate acid, peroxynitrous acid (HO-O-N--O), is an inorganic peroxyacid and is more reactive. Peroxyacids, while having a peroxide O-O bond, do not usually dissociate to form radicals. The reasons for this include the fact that the O-O bond in these compounds is relatively strong for peroxides, and peroxyacids are polar, with a propensity for undergoing even-electron, nonradical reactions. Thus it is unlikely a priori that HO-ON0 would undergo homolysis to form the hydroxyl radical and nitrogen dioxide.
An early study of oxidation reactions of peroxynitrite by Moreno (102) examined its reaction with human a-l-proteinase inhibitor; his data show that hydroxyl radical scavengers have little effect on the reaction, even at concentrations that would have trapped all hydroxyl radicals, had they been present (102). Following this observation, Koppenol, Moreno, and co-workers (69) combined data for the rearrangement of peroxynitrite to nitrate with thermokinetic calculations to argue that the homolysis of HO-ON0 to radicals is not possible. In place of the hydroxyl radical, these authors postulated that an energetic form of HOONO exists and that this molecular species is the oxidant (69 
L703
There are several important differences between the free radical and the HOONO* mechanisms. First, if radicals are formed, they must first be produced in a "cage." (For a review of cage chemistry, see THE CAGE MECHANISM.) That is, when HO-ON0 decomposes, the HO' and 'NO2 are held together by the barrier to diffusive separation created by the solvent molecules that surround them. Diffusive barriers in solvents of ordinary viscosity (such as water) are < 2-3 kcal/mol; therefore, only very fast reactions can compete with the diffusion of the radical pair apart. The combination of these two radicals is sufficiently fast to compete (it occurs near the diffusion limit for bimolecular reactions). The 'NO2 radical has some of its odd electron density on nitrogen and some on oxygen (it is "ambident"); thus HO' and 'NO:! can combine in the cage either to form nitrate or to re-form HOONO. Because the hydroxyl radical is so reactive, once it becomes free it will react with scavengers, chelators, metal ion centers, or other species present, and no nitrate will be formed; only in pure water will free HO' and 'NO2 have long enough lifetimes to again find each other and combine to form nitrate or peroxynitrite. (This is shown in Fig. 10 below, where these concepts are discussed in more detail.)
Thus, if the path from HOONO to nitrate involves dissociation to the geminate HO' and 'NO2 radical pair and then recombination to form nitrate, a caged radical pair must intervene. Because cage chemistry depends on the diffusive barrier of the solvent, the cage has a longer lifetime in solvents of higher viscosity (131). We have studied the disappearance of peroxynitrite in buffers containing polyethers as viscosity enhancers; if radicals and cages are intermediates, peroxynitrite could disappear more slowly in solvents of higher viscosity. We do not find this to be the case (W. A. Pryor, X. Jin, and G. L. Squadrito, unpublished data).
One of the striking features of peroxynitrite chemistry is that a scavenger has not yet been found that can capture 100% of the reactive intermediate purported to be formed: HO' or HOONO*. (See Table 3 below.) The cage mechanism is designed to explain just this effect. The recombination of HO' and 'NO2 in the cage cannot be blocked by scavengers (because they trap these radicals in reactions too slow to compete with either diffusion apart or radical recombination in the cage). Thus scavengers do not block the formation of cage products; this is an operational definition of cage products (114). (That is, the cage mechanism can explain a residual, unscavengable reaction, but the HOONO* mechanism cannot.)
Because HOONO* would be less reactive than the hydroxyl radical, a mechanism involving HOONO* as an intermediate also can explain the inability of hydroxylradical scavengers to completely block peroxynitrite reactions. These experiments are designed using the rate constants for reaction of HO' with the scavenger, and those rate constants obviously would not be applicable to HOONO*.
At this point, we believe the totality of the evidence on reactions of peroxynitrite is best accommodated by the HOONO* mechanism. The weasel in that sentence arises because a perfect scavenger (one that reacts in an extremely rapid manner with HOONO* but not at all with ground-state HOONO) would totally block oxidations of substrates (such as methionine, Met) and would reduce the yield of nitrate to zero, and no such scavengers have yet been discovered.
Thus for the present we believe that HOONO*, not the hydroxyl radical, is the culprit. This versatile species can do either one-or two-electron oxidations. It, like most peroxides, has an 0 -0 bond that is subject to attack by electron donors acting as nucleophiles (an SN2 reaction) that can result in a transfer of a HO-or an oxygen atom The products of these two processes can be identical, as shown above. Thus peroxynitrite should be expected to be able to oxidize a variety of types of biomolecules; anything that can act as a nucleophile or be a one-or two-electron donor is fair game. That includes amines, thiols, and sulfides (such as Met); some of the DNA bases; ascorbate; and similar reducing agents-a formidable list. Most or all of these reactions will be kinetically complex (127). Most substrates appear to react with peroxynitrite in a second-order reaction (first order in substrate and first order in HOONO) at high concentrations of substrate. However, as the substrate concentration is decreased, its reaction with HOONO slows, and a reaction that is first order in HOONO but zero order in substrate can begin to dominate. This is the "hydroxyl radical-like" reaction, and these processes are postulated to involve HOONO*. Plots of the observed rate constant for reaction of peroxynitrite with substrates vs. the substrate concentration, therefore, can show downward curvature (127 and G. L. Squadrito, X. Jin, and W. A. Pryor, unpublished observations). Peroxynitrite, with its power and versatility, is not given to doing things in an uncomplicated way.
OXIDATIONS BY PEROXYNITRITE
Neither 'NO nor superoxide behave as strong oxidants toward most types of organic compounds. However, the combination of superoxide and nitric oxide (reactions 1 and 2) produces peroxynitrite, a potent oxidant (13, 163). Peroxynitrite is capable of oxidizing a variety of biomolecules, including sulfides (127), thiols (134), deoxyribose (13), lipids (135), cx-1-proteinase inhibitor ((xlP1) (102), and ascorbate (9 and G. L. Squadrito, X. Jin, and W. A. Pryor, unpublished observations). and the ET reaction leads to ethylene. Ethylene also is produced when peroxynitrite reacts with the Met analogue 2-keto-4-thiomethylbutanoic acid (KTBA). Since both persulfate and ceric ions, which are good one electron oxidants, are able to convert KTBA to ethylene, and since the ceric ion is not a nucleophile, it is clear that a one-electron oxidation of the Met analogue is involved in ethylene formation ( 12 7).
This study reviews the chemistry of peroxynitrite with special attention to the mechanisms by which it oxidizes biological molecules. Two different proposals have been made to rationalize oxidations by HOONO. In one, HOONO is proposed to homolyze to form the hydroxyl radical and nitrogen dioxide (13), and these radicals are the oxidants (13, 45, 46, 63). However, peroxyacids (such as m-chloroperoxybenzoic acid) generally act as oxygen-atom donors by two-electron processes. It should be noted, however, that most of this chemistry has been worked out in organic solvents (e.g., see Ref. 84 ).
The second more novel mechanism for oxidations by peroxynitrite proposes that a high-energy form of peroxynitrous acid (represented as HOONO") is formed in a steady state. This species is proposed to have hydroxyl radical-like reactivity toward a variety of biological molecules (28,69, 127).
REACTIONS OF NUCLEOPHILES WITH PEROXIDIC COMPOUNDS
When a nucleophile reacts with a substrate in an SN2 reaction, two electrons are transferred.
However, this transfer is unlikely to occur at the same instant for both electrons, and therefore radicals or radical ions must be transient intermediates.
[This was the essence of Michaelis' 1939 proposal that all biological oxidations involve 2 Some authors use the terms single electron transfer (SET) for this process; however, most concur that "electron transfer" as a discrete process implies a one-electron shift, so ET is preferred.
free radical intermediates (96); also, see Ref. 141 and references cited there.] However, it is unnecessary (and a violation of Occam's razor) to postulate the existence of free radicals unless they can be experimentally demonstrated to be present.
Because peroxides are susceptible to SN2 reactions and also have a weak O-O bond that readily undergoes one-electron reactions, the reactions of peroxides with nucleophiles have been studied intensively (7, 30, 56, 114,162). Quite surprisingly, however, in many peroxidenucleophile reactions, SN2 and ET reactions are very difficult to distinguish, since the products, kinetics, and dependence on solvent polarity are very similar for both reaction types (125).
It might be thought that ET reactions would give a larger yield of free radicals than would SN2 reactions, since the former involves a one-electron step and the SN2 reaction formally is a two-electron, ionic process. However, the yield of radicals does not reliably distinguish ET and SN2 reactions. This is true, since, as shown in Fig. 2 , the initial products of an SN2 or ET reaction can interconvert, and the ultimate products can be rationalized as arising from either an SN2 or ET pathway. An example of this difficulty is shown in Fig. 3 , which depicts the reactions that occur in two related systems. Figure 3B shows the reaction of dimethyl sulfide with tert-butyl peroxybenzoate, which occurs by an ET mechanism and gives only a 2% yield of free radicals (124-126). Figure 3A shows the reaction between dimethylaniline (DMA) and benzoyl peroxide (BPO), which occurs via an "ionic" SN2 reaction, yet gives an 18% yield of radicals.
The remarkable acceleration of the peroxide's decomposition and the substantial yield of radicals in the DMA-BP0 system allows this redox pair to be used as an initiation system. BP0 has a half-life of 60,000 h at 20°C but the addition of 10 mM DMA reduces this half-life to 13 min (114). The BPO-DMA system can be used to initiate radical reactions at room temperature, whereas BPO, as remarked above, has a half-life of N 7 yr at ambient temperatures. The acceleration in radical production in the-DMA-BP0 system is due to the fact that compound 2 (Fig. 3A) undergoes homolysis faster than does BP0 itself (114, 162). BPO, with its excellent benzoate leaving group, is especially susceptible to SN2 reactions, and ion radicals from these processes can, in
Because the peroxynitrite anion is stable but HOONO decomposes to form nitrate with a half-life of a few seconds, determination of the acidity constant (p&J of HOONO requires special care, and two approaches have been used (33). The first involves determination of the pH dependence of the observed rate constant, kobs, for the decay of peroxynitrite.
This can be done, for example, by following the absorbance difference at a given wavelength (usually 302 nm) vs. time at a series of pH values. The second approach involves the measurement of the pH dependence of a parameter that depends on the ratio of peroxynitrous acid to its ion; examples are the initial absorbance or conductance values. The method of preparing the peroxynitrite may introduce contamination (for example, trace metals) that may interfere with these measurements (121). Thus it is important to use a variety of methods for preparation of the peroxynitrite. certain conditions, be captured by spin-trap such as phenyl tert-butyl nitrone (159) . reagents In this context, the reaction of peroxynitrous acid with Met provides useful insights, since, unlike the situation shown in Fig. 3 , the SN2 and ET pathways give different products (60,127). The SN2 reaction gives methionine sulfoxide (Mets-O) and the ET reaction gives a cation radical with the radical center on the sulfur atom, which ulti mately decomposes to give ethylene an .d other products . Figure 4 shows mech .anisms for the conversion of Met and methionine analogues to ethylene. Thus the Met-HOONO system provides a particularly interesting system and ET reactions. methods. The first method uses buffered solutions of, for example, nitrite or nitrate, which are subjected to flash photolysis or to pulse radiolysis to rapidly produce HOONO at the desired pH. The second method involves mixing of a basic solution of the stable peroxynitrite anion-into a buffered acidic solution in a stopped-flow spectrophotometer, such that the final pH has the desired value. An approximate conductometric kinetic estimation of the pKa of HOONO was obtained by Wagner et al. (161), who studied solutions of peroxynitrite prepared by flash photolysis and reported pK, = 5.3. However, this pK value lies outside the pH interval studied by this group. Gratzel et al. (43) determined pKa = 5.1 using pulse radiolysis of nitrate solutions and also studied a narrow pH range. Thus these two determinations probably give values that are only approximate. A better value within this category is that reported by Logager and Sehested (81), PK = 7.0 t 0.3, using peroxynitrite prepared by pulse radiolysis of argon-saturated nitrate solutions and NzOsaturated nitrite solutions spanning a wide pH range.
The pK, of HOONO also has been estimated using the kinetic method either at low temperatures or in a stopped flow spectrophotometer. Keith and Powell (63) reported pK, = 6.6 at 1°C from kinetic measurements using a normal (nonstopped flow) spectrophotometer. The most reliable values for the pK, of peroxynitrite are summarized in Table 2 . The small deviations among these values likely arise from subtle differences in techniques and also possibly from changes in ionic strength (since activity values depend on ionic strength).
The small temperature dependence of the pKa reported by Koppenol et al. (69) suggests a very small enthalpy of ionization of peroxynitrite, so small temperature variations probably are not responsible for discrep-
ROTAMERS OF HOONO AND THE p&
Recently it was suggested that the cis and trans3 rotamers of HOONO have pK, values of 6.8 and 8 (28, 157). The pKa value of 8 was obtained in experiments in which scavengers were used to trap either hydroxyl radicals or HOONO*, and the pH dependence of this trapping reaction was studied. Crow et al. (28) report that the yield of nitrogen dioxide, the yield of the cation radical (ABTS'+) from the oxidation of 2,2'-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), and the production of formaldehyde from dimethyl sulfoxide (DMSO) all have an apparent pK of -8.0. Crow et al. (28) then " . . . . propose that the pK, of 6.8 at 37°C is that of cis-peroxynitrite, whereas trans-peroxynitrite anion has a higher pK, in the range of 8.0. . . . transPeroxynitrous acid can form a vibrationally excited intermediate capable of reaction like hydroxyl radicals."
Several aspects of this extremely important paper are worth elaboration in view of more recent data. The first point is that to separate the PKa of a specific set of rotamers from the pK, of the Boltzmann distribution of ancies in values between groups. the entire rotamer population, a process must be used that is faster than the reattainment of the Boltzmann distribution, and this generally is not easy, since the energy barriers between rotamers typically are very small. For example, the rotamers of butane interconvert with barriers of < 6 kcal/mol (84). Barriers of this size are associated with processes that are much faster than those that can be observed in a stopped-flow spectrophotometer (which typically has a dead time of a few milliseconds).
However, rotational barriers higher than those for butane occur when steric hindrance is involved or when rotation occurs around a partial double bond. Rotation in peroxynitrite could involve a higher barrier due to a partial double bond, as shown in Fig. 6 .
The E,Z isomerism of alkyl nitrites, which involves rotation around an N-O bond, is similar to that of cis and trans HOONO.
Several
Species that are separated by a barrier of 12 kcal/mol or less would be expected to interconvert at 25-37°C with a rate constant of -lo5 s-l (assuming a normal Arrhenius A-value of 1014 s-l). That rate of interconversion is too fast for the separate rotamers to be observed in stopped-flow measurements, which, as remarked above, resolve to the millisecond range.
Thus the value of 6.8 for the pK, of HOONO is a weighted average of the values for the Boltzmann distribution of rotamers that exists near room temperature, rather than the pK, of a specific rotamer.
The second feature that is worthy of elaboration is the characterization of HOONO* as a vibrationally excited form of trans-HOONO. However, vibrationally excited states generally are too short-lived (with lifetimes -lo-l1 s) to participate in bimolecular reactions. Thus HOONO* should be thought of as an independent, metastable species, as shown in Fig. 7 .
The energetics of cis to trans HOONO have been the subject of calculations by several groups (68, 69, 95; J.-H. Tsai and J. S. Beckman, unpublished data), and all these groups are in basic agreement. The energy difference between cis and trans is calculated to be 1-3 kcal/mol, with the cis being the more stable.
An intermediate on the path from HOONO to nitrate is proposed to be able to perform hydroxyl radical-like oxidations properties; Fig. 8B shows the electrophilic properties (like the species HO+) that could add to to sulfur atoms to give sulfoxides (and perhaps hydroxylate aromatics and add to olefins to give epoxides); and Fig. 8C shows nitronium cation (NO,') properties that suggest the nitration of aromatic species.
The third feature that warrants discussion is the assignment of pK, = 8 for trans-HOONO, using plots of the trapping efficiency of scavengers vs. pH. The pK, of peroxynitrite is best obtained by the methods outlined above. The use of scavengers to determine the pK, can have problems: the scavenger itself may ionize with its own pK,; the stoichiometry of the scavenger-HOONO reaction may change with pH; or the primary products of the scavenger-HOONO reaction may react further with HOONO by a stoichiometry that may be uncertain or may change with pH.
For example, both Crow et al. (28) and Yang et al. (169) have used ABTS as a scavenger, both concluding that -40% of the reactive species from peroxynitrite can be scavenged. However, the green cation radical (AI3 TS'+) is unstable and its color bleaches with time. There is disagreement as to the extent to which the pH dependence of this bleaching interferes with the use of ABTS as a scavenger. Dr. Uppu Rao in our laboratory has studied the reaction and finds that the change in absorption at 4 14 nm shows a continuous decrease with change in pH, with no inflection point, providing that the absorbance is read for each sample immediately. These data are shown in Fig. 9 . Thus three groups of investigators studied the pH profile of the ABTS/AB TS'+ reaction with peroxynitrite and obtained discordant results, probably implying that ABTS is unsatisfactory as a scavenger in this system. One last comment is worthwhile. pronounced energy difference). In contrast, Gaussian 90 calculations by Koppenol and Klasinc (68) indicate the cis acid is more stable than the trans by 3.9 kJ/mol, whereas the trans anion is more stable than the cis by 4.6 kJ/mol, making trans-HOONO the stronger acid. In contrast, the proposal by Tsai et al. (157) 
MECHANISMS FOR PEROXYNITRITE OXIDATIONS
Mechanisms for the decomposition of peroxynitrite must address several facts. 1) In the absence of an oxidizable substrate, nitrate is formed. 2) A variety of substrates are oxidized, some by the incorporation of an oxygen atom or an HO group, some by an electron transfer. 3) Some of the reactions are first order, some are second order, and some have a mixed order (127). 4) Some nitrate formation (or some oxidation of an added substrate) appears to occur even in the presence of high concentrations of hydroxyl radical scavengers.
Two mechanisms can be suggested, one involving free radicals and one involving the high-energy form of peroxynitrous acid, HOONO* (Fig. 10) . If dissociation of HOONO occurs, the radicals are formed in a cage of water molecules; the radicals then can diffuse apart to give free radicals that can either oxidize substrates or recombine to give either nitrate or to re-form HOONO (cage return). Scavengers (symbolized as S1, S2 in Fig.  10 ) are known that react with HOONO with kinetics that are either first or second order (i.e., first order in HOONO and zero order in scavenger, or first order in both HOONO and scavenger). The cage mechanism allows reaction of ground-state HOONO with scavengers in reactions that are second order and the reaction of free radicals with scavengers in reactions that are first order (since formation of radicals is rate limiting). The caged radical pair can rearrange to give nitrate or can recombine to re-form HOONO, but the caged pair cannot be trapped by scavengers (see discussion below).
The HOONO* mechanism shown in Fig. 10 , bottom, also allows reaction of S with ground-state HOONO in second-order reactions and with HOONO* in first-order reactions (since formation of HOONO* is rate limiting). Thus in both mechanisms, scavengers can react in two ways. Type I scavengers (see Fig. 10 ) react with free radicals or with HOONO*, exhibiting kinetics that are first order in HOONO and zero order in scavenger. Type II scavengers react with ground-state HOONO with second-order kinetics, first order in both HOONO and S.
There are two key differences between these two mechanisms. The cage mechanism (but not the HOONO* mechanism) can explain an irreducible yield of nitrate that is formed in the cage and cannot be blocked by scavengers. The HOONO* mechanism can explain the fact that type I scavengers do not trap with relative rate constants like those expected for the hydroxyl radical. That is, HOONO* is postulated to react like the hy- droxyl radical, but to be more selective. Thus concentrations of scavengers that are sufficiently high to trap all of the reactive species if it were a hydroxyl radical do not reduce nitrate yields to zero (or completely block the oxidation of other substrates) (13, 28, 67, 69, 82, 102, 127, 134).
THE CAGE MECHANISM
The cage mechanism, shown in Fig. 11 , was formulated to explain why collisions between molecules occur in clusters. (Excellent reviews of the cage mechanism can be found in Refs. 17, 77, 162.) In the cage mechanism (77, 114), the two radicals from an initiator (the geminate pair) are formed in a cage, surrounded by solvent molecules. Because radicals recombine very rapidly, with a rate constant k > log M-%-l, and since the geminate radical pair is held together by the layer of solvent molecules that surrounds them, some of the geminate radicals will react together. When they do, they can re-form the original initiator [a step called cage return (131)] or form a new product (nitrate in the case of HOONO). When scavengers are used at increasing concentrations, a plateau is reached at which larger concentrations of scavenger are unable to trap further amounts of radicals. For example, azoisobutyronitrile (AIBN) decomposes in carbon tetrachloride with butanethiol as the scavenger (114) As shown in the Fig. 12 , AIBN forms radicals that can combine to form two different products, abbreviated as R-R and R-R'. For AIBN, the same ratio of R-R to R-R' is formed from free radicals and caged radicals. Thus caged radicals are not special in some way but are merely normal radicals that are held together by the barrier to diffusive separation Peroxynitrite forms a cage of hydroxyl radicals and nitrogen dioxide. It is likely that HO' and 'NO2 combine to form HOONO and nitrate (2, 20, 81, 94, 95) both in the cage and in free solution (providing gers are present to trap free radicals).
that no scavenNormally it is assumed that only free radicals, not caged radicals, can be scavenged. This is assumed because the reaction of radicals with most scavengers is too slow to compete with the recombination of two radicals held in close proximity to one another. Cage recombinations of radicals have activation energies in the range of O-l kcal/mol, and diffusion from the cage has activation energies of l-2 kcal/mol in solvents of ordinary viscosity. Radical scavenging reactions generally have higher activation energies. Only changing the viscosity, and consequently the ability of the caged radical pair to separate, affects the residual fraction of untrappable radicals and the yield of cage recombination products (17,77,130,131,162). (1 w One of the striking features of peroxynitrite is that some nitrate is formed and/or some substrates are still oxidized, even in the presence of concentrations of scavengers that should be sufficient to trap all of the hydroxyl radicals, were they present. It is necessary to know the stoichiometry of the reaction to calculate the relationship between the yield of product and the amount of HOONO* or HO' that was scavenged. A misleadingly small yield of a product could result if the product is not formed with 1:l stoichiometry.
The Scatchard analysis allows an extrapolation to be made to the yield of a product that would be formed at infinite concentration of scavenger (6). This analysis assumes that scavengers do not react with ground-state Both productcs are formed from caged & free radicals
The yield of R-R is reduced is to about 1 concentrations of the scavenger butanethiol. (127) . If the species to be scavenged is HO', all these scavengers should work. Crow et al. (28) find that ethanol and mannitol, but not DMSO, inhibit the oxidation of ABTS by peroxynitrite.
That would imply that the reactivity of these scavengers toward HOONO* must be in the order Trolox > ethanol > mannitol > DMSO. The rate constants for reaction of these scavengers with the hydroxyl radical are 80, 1.9, 1.7, 6.6 (all x log M-ls-l), respectively (22). Thus the relative order of effectiveness of the scavengers is not the order observed for the hydroxyl radical (if these data are assumed to be accurate). Furthermore, sufficient concentrations of these scavengers were used so that all of the hydroxyl radicals should have been scavenged, and that was not the case. Thus either the species involved has a selectivity that is very different from the free hydroxyl radical, or some other complexity occurs.
THE EFFECT OF VISCOSITY
As remarked in THE CAGE MECHANISM, the cage has a longer lifetime in solvents of higher viscosity, and more cage return occurs. Thus the free radical cage mechanism predicts that the rate of disappearance of peroxynitrite should be slower in solvents of higher viscosity We have studied the rearrangement of peroxynitrite to give nitrate in buffers containing polyethylene glycol polymers that increase the viscosity of the solutions (W. A. Pryor, X. Jin, and G. L. Squadrito, unpublished observations). We studied the reaction at both pH 5 and 7 and used dioxane as a control for the generalized solvent effects of the polyethers (dioxane does not produce appreciable changes in viscosity). At pH 5, only extremely small increases in the observed rate constant for disappearance of peroxynitrite were found. At pH 7, slightly larger increases in kobs are observed, but these are entirely explicable as arising from the fact that HOONO is a slightly weaker acid when ethers are added, because of the lower solvent polarity, so more of the peroxynitrite is in the form of HOONO at a given pH. (This effect is not seen at pH 5, since an overwhelming fraction of the peroxynitrite is protonated at this PH.) This is suggestive evidence that the cage mechanism is incorrect.
THE MECHANISM INVOLVING HOONO"
In 1992, Koppenol et al. (69) suggested that free hydroxyl radicals are not involved in the chemistry of peroxynitrite.
Instead, a "transoid activated" form of HOONO was hypothesized to lie on the reaction coordinate linking HOONO to nitrate and to be the oxidant that converts various types of biomolecules to hydroxyl radical-like products (69). Two arguments were presented to support the HOONO* mechanism, as opposed to a mechanism involving free radicals (69). 1) The forward rate constant for the conversion of HOONO to nitrate and the Gibbs free energy of the reaction were combined to calculate the reverse rate constant, and an unacceptable value was obtained. 2) The entropy of activation for the decomposition of peroxynitrite is not as large as is found in typical unimolecular homolysis shown in Fig. 13A , proposes that HOONO rearranges to form nitrate in a first-order process. In this simple scheme, the forward rate constant, kl, can be combined with the calculated free energy for reaction, and a value for the reverse rate constant, k+ can be obtained. This procedure gives the value for km1 as 1013 to 1015 M-ls-l, which is larger than the diffusion limit for a bimolecular reaction. Therefore, a mechanism in which HO' and 'NO2 combine to form HOONO was rejected (69).
However, Fig. 13A (63). B: a mechanism involving HOONO* that is formed in a steady state; this mechanism gives a more complex expression for k&s (127). In this case, the value of k-1 cannot be calculated from a value for k 1 by assuming that I& = k 1 lk -1.
becomes so complex that k -1 cannot be calculated from kl and the free energy for the reaction. (See APPENDIX B.)
The Entropy for Decomposition of HOONO Is Too Small for Homolysis Unimolecular homolysis reactions normally have A terms (where A is defined in the Arrhenius expression h = AeSEIRT) equal to 1016+1 s-l (18). The disappearance of peroxynitrite to give nitrate at pH = 4.7 gives A = 1.1 x 1013 s-l, which is smaller than expected by -lo2 to lo3 s-l (corresponding to an entropy of activation that is too small by 9.1 to 13.7 entropy units). This factor of lo2 to lo3 could be rationalized by postulating that only 1% to 0.1% of the caged radical pairs [HO' 'NO21 go on to give either nitrate or free radicals, and 99% to 99.9% return to reform HOONO.
Cage return somewhat resembles a situation in which the transition state returns to re-form the reactants instead of proceeding forward to give products. In reaction rate theory a factor K, the "transmission coefficient," is introduced to allow for this "reflection back" off of the activation barrier to give reactants. The value of K usually is taken as unity; however, in bimolecular gas-phase reactions where a third species is not present at the collision to absorb energy, the transition state is formed with excess energy and can dissociate to reform the reactants. In these cases, K can be near zero (40, 74). Nevertheless, assuming that only a very small fraction of the caged radical pairs for HOONO go forward appears unrealistic and must be examined.
Cage return to re-form the initiator certainly is real (130, 131). Table 4 h s ows the amount of di-tert-butyl peroxide that is formed by combination of two tert-butyl radicals that are formed in a cage and are separated by zero, one, or two molecules that were split from the original initiator (65, 131, 146) (i.e., RO-OR and RO-N=N-OR form a cage with zero and one molecule, respectively, between the two RO' radicals). As can be seen, if no molecules separate the two radicals, a 12% yield of cage recombination events is predicted in isooctane as solvent, and the amount of RO-OR that is formed decreases smoothly as more molecules are present in the cage separating the two radicals.
If we take 12% cage recombination as predicted for the radicals from HOONO and correct the solvent's viscosity from isooctane (used in Table 4 ) to water at 25°C we predict that 16% of the caged radicals from HOONO will undergo cage combination to produce nitric acid or to re-form HOONO. This is far from the 99% required in the discussion above.
However, two factors suggest that value of 16% may significantly underestimate the amount of cage return for HOONO. The first is that the "stickiness" of water molecules (caused by hydrogen bonding) that surround the geminate pair probably retards diffusive separation more than would isooctane, the solvent in Table 4 . Clearly, cage yields from peroxynitrite are unusually high, since the cage nitrate yield is at least 50% if present data are correct. The second factor is that the cage reactions of HOONO should show a pronounced polar effect (31, 119). That is, dipolar resonance struc- which discusses the reactions of BP0 with DMA and peroxyesters with sulfides (see Fig. 3 ). In particular, peroxynitrite can transfer an oxygen atom to a substrate, S, as shown in reaction 6, and it can react by an ET process to give the substrate cation radical (reaction 7) HOONO + S + HONO + S=O (6) HOONO + S + HO-+ 'NO2 + So+
Peroxynitrite systems have been reported to hydroxylate aromatics such as tyrosine and phenylalanine (158), and th is has been taken as suggestive that HOONO homolyzes to form the hydroxyl radical. Similarly, peroxynitrite has been shown to react with a spin trap, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), to give hydroxyl radical spin adducts (5), and this also has been taken as evidence for free hydroxyl radicals. (Fig. la) . However, the incorporation of a hydroxyl group into an organic molecule does not prove the intermediacy of free hydroxyl radicals. Electrophilic aromatic substitution and the enzyme P-450 are testimony of the truth of this axiom.
A molecular reaction between HOONO itself and an aromatic could lead to hydroxylation, either by an oxygen-atom transfer reaction or by a one-electron oxidation followed by hydrolysis.
For example, Kasai and Yamaizumi (62) have shown that a one-electron oxidation of guanosine in calf thymus DNA (by a photochemical process) leads to the dG cation radical, which then reacts with HO-and loses a hydrogen atom
to give &hydroxy-2'-deoxyguanosine (or 7,8-dihydro-8 oxo-2'-deoxyguanosine; 8oxodG). If this report is correct, the hydroxyl radical need not be involved in the conversion of dG to 8-oxodG. The oxygen atom that becomes attached to the dG comes from hydrolysis of a cationic species, as shown by the fact that the oxygen atom that is inserted is labeled when the experiment is run in oxygen-18 labeled water (see Fig. 14B ). Because peroxynitrite can perform one-electron oxidations, and because both phenols and heterocyclics such as guanosine are good electron donors, it is entirely possible that peroxynitrite can convert dG to 8-oxodG or can hydroxylate phenols by one-electron oxidation processes that do not involve free hydroxyl radicals.
Reaction With Spin Traps
To attempt to resolve the question of hydroxyl radical production from peroxynitrite, August0 et al. (5) studied peroxynitrite decompositions in the presence of DMPO. In the DMPO/peroxynitrite system, they observe an electron spin resistance (ESR) spectrum that is characteristic of the hydroxyl radical spin adduct. They obtain However, thiols were found to enhance the signal: In the presence of 1 mM glutathione (GSH) they obtain a very much stronger ESR signal that includes lines for the DMPO hydroxyl radical adduct, the GSH thiyl radical adduct, and an unidentified carbon-centered adduct. The enhancing effect of thiols on the yield of the hydroxyl radical adduct (for 1.6 mM peroxynitrite) reached a maximum at -2 mM GSH or cysteine, and then sharply decreased as the thiol concentration was increased up to 40 mM.
The reason for the enhancement of the spin adduct signal by thiols is suggested by August0 et al. (5) to be due in part to the autoxidation of the thiol to produce superoxide, formation of the superoxide-DMPO adduct, and decay of this adduct to form the hydroxyl adduct. (It is known that the autoxidation of thiols produces superoxide and that the superoxide spin adduct decomposes to form the hydroxyl radical adduct.) These workers also suggest that both the peroxynitrite anion and nitrogen dioxide react with the hydroxyl spin adduct to destroy it, and this is prevented by thiols that scavenge these two species before they can react with the spin adducts. The suggestion that a part of the hydroxyl adduct arises via decay of the superoxide adduct is supported by the finding that added SOD reduces the strength of the hydroxyl radical adduct, with a maximum 47% inhibition found for 10 U/ml of SOD, the highest concentration they studied (5).
We have repeated these experiments (78) and duplicated most of the findings of August0 et al. (5). However, we find that the rate constant for the decay of peroxynitrite in the presence of DMPO depends on the concentration of DMPO. Therefore, we suggest (78) that the hydroxyl radical spin adduct results in part from a bimolecular reaction between DMPO and HOONO (or between DMPO and HOONO*).
The There also could be an MAH reaction between thiols and HOONO. In fact, we find that the decomposition of peroxynitrite is accelerated by 1 mM GSH (78). It is known that the reaction of peroxynitrite with thiols is second order (134), as would be expected in an MAH process. The pH profile requires that the transition state includes peroxynitrite, the thiolate anion, and one proton (134). Thermokinetic considerations require that the mechanism involves RS-as electron donor and HOONO as the acceptor (rather than -0ONO and RSH). Therefore, the mechanism can be formulated either as an electron transfer MAH reaction or as an SN2 displacement, as shown in reactions 8-l 0. Reaction 6 would be exothermic by -12 kcal/mol (1869).
The products from either an SN2 or MAH reaction between peroxynitrite and a thiol would be thiyl radicals and nitrogen dioxide (reactions 8 and 9). If peroxynitrite reacts with thiols to produce radicals, they would initiate the autoxidation of thiols. In that case, the pathway leading to the hydroxyl spin adduct via the superoxide adduct would be more important in the peroxynitrite-DMPO system when thiols are present. In agreement with this, we observe that in the presence of 24 U/ml SOD, the hydroxyl radical signal is virtually completely obliterated in the peroxynitrite/DMPO/GSH system (78). [Augusto et al. (5) observed a 50% decrease in the hydroxyl spin adduct signal at the highest SOD concentration they used, 10 U/ml.]
In contrast, when thiols are not present, 26 U/ml SOD produces only a very slight diminution in the hydroxyl radical spin adduct. This confirms that the production of the superoxide spin adduct in the DMPO/ thiol system is enhanced by the presence of peroxynitrite
Thus it is unlikely that the hydroxyl radical spin adduct entirely arises from free hydroxyl radicals either in the presence or absence of thiols. In the absence of thiols, an MAH reaction between DMPO and peroxynitrite produces the hydroxyl adduct. In the presence of thiols, peroxynitrite initiates the autoxidation of thiols, which leads to superoxide and the superoxide spin adduct, which can decompose to form the hydroxyl radical spin adduct.
SUMMARY AND CONCLUSIONS
Peroxynitrite is a potent and versatile oxidant that can attack many types of biological molecules and produce a rich variety of products. Some of these products involve the transfer of an oxygen atom or a hydroxyl group from HOONO to the biological molecule, but that by itself must not be taken as evidence that HOONO homolyzes to form the hydroxyl radical. Similarly, the thermokinetic analysis of peroxynitrite reactions, although fraught with difficulties, suggests that HOONO does not dissociate to give hydroxyl radicals.
Both the free radical cage mechanism and the excited peroxynitrite (HOONO") mechanism shown in Fig. 10 can rationalize the reactions of peroxynitrite, and choosing between these two mechanisms is difficult. One difference between these mechanisms is that the cage mechanism can explain the inability of high concentrations of scavengers to reduce nitrate production or substrate oxidation to zero. and not with ground-state HOONO. That is, the scavenger must exhibit kinetics that are first order in peroxynitrite and zero order in scavenger, even at high scavenger concentrations (6). Our most recent data (127) suggest that many scavengers that show zero-order kinetics at low concentrations become type II scavengers, reacting with kinetics that are first order in scavenger, at high scavenger concentrations (see Fig. 10 ).
That is, to prove the HOONO" mechanism is correct, a type I scavenger must be found that reacts with HOONO*, but not with ground-state HOONO, and that completely blocks substrate oxidation and/or the formation of nitrate. This most likely will require high concentrations of the scavenger. If all scavenger reactions go from overall first-to second-order kinetics as the scavenger concentration is raised, then the choice between the cage and HOONO* mechanisms will not be able to be made. That is, we will not be able to determine whether HOONO gives free hydroxyl radicals or merely a hydroxyl radical-like species, HOONO*. If this seems overly pessimistic, we only have to remember that the extent to which free hydroxyl radicals are involved in P-450 reactions still has not been unambiguously answered, despite superb research by many groups.
It also must be recognized that the caged pair of radicals for peroxynitrite may be unique in peroxide chemistry: Peroxynitrite may produce HO' and 'NO2 radicals held together in an unusually long-lived, sticky cage, surrounded by hydrogen-bonded water molecules, and held together by charge transfer forces between the hydroxyl and nitrogen dioxide groups (see Eq. 5). Such a sticky caged pair of radicals might resemble the properties of an excited species such as HOONO*.
At present, we prefer the HOONO* mechanism for a number of reasons; perhaps the most convincing is the lack of solvent viscosity effect described in THE EFFECT OF VISCOSITY, With the somewhat inconclusive scavenger data available, it is possible that a scavenger may still be found that can reduce nitrate formation to zero at high concentrations of scavenger (and where the kinetic dependence on scavenger remains zero order), thus unambiguously confirming the HOONO* mechanism. However, at present, some data suggest that high concentrations of scavengers do not trap all of the reactive species, even though enough scavenger is used to trap all of the hydroxyl radicals if HO' were present. In any case, since the excitation energy of HOONO* probably is close to the HO-ON0 bond dissociation energy, the OH group in HOONO* must be very hydroxyl radical-like.
That philosopher-of-the-diamond, Yogi Berra, said it: "It ain't over 'til it's over." With peroxynitrite, it ain't over yet. Dr. Beckman has data on the rate of peroxynitrite disappearance as a function of pH in the presence of variable concentrations of anions and buffers (12). When the anion concentration is varied from 0 to w 500 mM, the rate for peroxynitrite disappearance increases up to a plateau value; for most of these data, the ionic strength is not held constant, but Dr. Beckman has told us that the same curves are obtained even when the ionic strength is held constant using NaCl. When the maximum rate for a given anion is plotted vs. pH, an apparent p& for HOONO is obtained. For the ions acetate and phosphate (which are the buffer anions we have used), Beckman's group observes a pK, of N 6.8. For N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, formate, borate, 3-lcyclohexylamino]-l-propanesulfonic acid (CAPS), and 3-[cyclohexylaminol-2-hydroxyl-1-propanesulfonic acid (CAPSO), they get an apparent pK, that is higher, near 8. Dr. Beckman feels these data support the proposal that the conversion of cis to trans is slow relative to nitrate formation in the presence of certain anions that alter the solvent shell around HOONO.
We also occasionally observe a two-exponent decay for peroxynitrite.
The two-exponent decay is not reproducible and seems to be dependent on the other materials present. Beckman's group finds that different anions affect this; in addition, the presence of SOD catalyzes the faster first exponential decay, and both are seen. We find that the method used for the synthesis of the peroxynitrite influences the results. Thus we have observed the two-exponent decay for peroxynitrite prepared by the autoxidation of hydroxylamine and by the quenched flow method involving nitrous acid and hydrogen peroxide (the methods used by Beckman's group), but virtually never from peroxynitrite prepared by the ozonation of sodium azide ( 12 1).
There are two possible explanations for these data. The first, which we prefer, is that the two-exponent fit reflects an unrelated process involving some side products present in the peroxynitrite prepared by the autoxidation of hydroxylamine and the quenched flow methods. The second explanation, preferred by Dr. Beckman, is that the cis to trans equilibrium is slower in the presence of certain additives, and under these conditions both isomers convert to nitrate, and two individual pK, values can be observed. Something complex certainly is going on. It would not be surprising to find that anions influence the activity coefficients of the species involved in the conversion of peroxynitrite to nitrate. However, it is difficult to believe that the cis to trans equilibrium can be slow enough so that two different pK, values can be observed for two rotamers. 
The rate constant, k_i, for the reverse of reaction i is known (81). From that value and the Gibbs free energy AGo for reaction i, Dr Koppenol calculates the rate constant for the forward direction of the reaction, ki (the homolysis of peroxynitrite to form HO' and 'N02 
